The molecular structure of collagen type 1 can be understood as the result of evolutionary selection in the process of formation of calcium phosphate based biocomposites acting as load bearing components in living organisms. The evolutionary selection fulfills the principle of 'survival of the fittest' in a particular biological environment. Disk-like post-nucleation complexes of Ca 2 (HPO 4 ) 3 2-organized in ribbon-like assemblies in the metastable octacalcium phosphate (OCP) phase, and Ca 3 triangles in the stable HAP phase had formed the crystallographic motifs in this selection process. The rotational as well as the translational symmetry of the major tropocollagen (TC) helix agree nearly perfectly with the corresponding symmetries of the OCP structure. The sequence of (Gly-X-Y) motifs of the three α chains constituting the TC molecule enables an optimized structural fit for the nucleation of Ca 3 triangles, the directed growth of nanostructured OCP, and the subsequent formation of hydroxyapatite (HAP) in collagen macrofibrils by a topotaxial transition. The known connection between genetic defects of collagen type 1 and osteogenesis imperfecta should motivate the search for similar dependences of other bone diseases on a disturbed molecular structure of collagen on the genetic scale.
Introduction
For many years the study of biomineralization has attracted the interest of biologists, chemists, physicists, materials scientists, as well as more recently also scientists of various engineering disciplines.
The discovery of a large number of specific mechanisms of biomineralization has already established innovations in chemical processing, 'white' biotechnology, medical techniques, as well as in materials engineering for electronic and optical applications. At the same time more general principles have been derived which can be regarded as the basis for a general theory of biomineralization [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Strikingly, the large variety of biomineralization processes in nature is realized only with a limited number of biomolecular and inorganic constituents. As we would like to show by means of calcium phosphate -collagen based biocomposites as an example, this restriction is caused by the evolutionary selection of materials combinations fulfilling the principle of 'survival of the fittest' in a particular biological environment.
Depending on the extent of the biological impact, biologically mediated, induced, and controlled mineralization are distinguished 6 . In the case of distinct control of the mineralization process by the living organism, the mineralization products are characterized by high functionality precisely tailored for an optimized reaction on a specific environmental impact. Often the biological control yields a full hierarchy of mineralized structures reaching from the subnanometer scale up to some hundreds of micrometers. Load bearing structures as bones, teeth, spicules, shells are examples of such hierarchically composed mineralized tissues. The tissues are the result of activities of cellular structures regulating the transfer of chemical and physical information on the nanoscale 14 . Each of those structures is characterized by specific chemical or physical motifs governing the interactions on the nanoscale. Often, this kind of 'nanotectonics' is supported by the conservation or controlled transformation of internal symmetries of the interacting nanoscale structures. The limited number of such characteristic nanoscale structural motifs is an essential precondition for an effective evolution of biological structures with higher complexity. In protein evolution, for example, characteristic length increments of amino acid chains have been identified which are the structural units of closed loops (typically 25-35 residues) or domains (typically 100-200 residues) 15 .
Under the aspect of 'nanotectonics', biomineralization is of particular interest as far as biomolecular motifs as structured proteins, polysaccharides, or lipids meet inorganic nanostructures as ionic preclusters of amorphous phases (e.g. biosilica) or crystalline phases (e.g. calcium phosphate, calcium carbonate, iron oxide). As pointed out by Stephen Mann already in 1988, molecular complementarity at the inorganic-organic interfaces governs the processes of biomineralization 13 . Electrostatic accumulation of inorganic species on an organic substrate, structural correspondence (or epitaxy) between the macromolecular surface and crystal nuclei, and stereochemical requirements govern the molecular recognition at the interfaces. The molecular complementary is reflected in the chemical and physical motifs observed in biomineralization. For example, recently discovered hydroxylated fibrillar collagen of glass sponge origin that contains an unusual chemical ] motif is predisposed for silica precipitation and provides a template for biosilicification in nature 16 . Otherwise, in case of biomineralization of fluorapatite in the presence of collagen, the chemical interaction of the [Gly-X-Y] motifs with calcium and fluoride ions yields Ca 3 F motifs 17 . The Ca 3 F motifs staggered along the tropocollagen fiber are the nuclei for the preferential orientation of the fluorapatite crystals along the collagen molecules.
However, there is not only a simple 'one-way transfer' of the structural information from the biomolecular motifs to the nucleating inorganic structures. As we will show in the following for calcium phosphate biominerals, the evolutionary optimization of their structures has led to optimized biomolecular structures controlled by inorganic structural motifs. Calcium phosphate fulfills a number of preconditions for biomineralization as high availability of soluble reaction components in the aqueous environment, biocompatibility, crystallization at room temperature, low solubility of the equilibrium phase, and last but not least the existence of metastable phases. The metastable phases can be formed by kinetically controlled growth (Ostwald stage rule 18 ). For high supersaturation of the reactive components in the aqueous solution, often the initial stage is an amorphous phase 19 . For nanosize structures, low interface energy (low in comparison to that of the equilibrium phase) can favor reaction paths leading to metastable phases 20, 21 . Furthermore, their selective stabilization can be caused by adsorbing biopolymers 9 . The need of structural adaption and self-healing mechanisms of the final functional structure explains that metastable phases often can be observed in the process of biomineralization. It can be assumed that structural motifs of the favored metastable inorganic phases control the evolutionary selection of optimized organic components of the biomineral. In the OCP unit cell the phosphate and calcium ions occupy nearly the same positions as in the HAP structure. Only at two of the 'hexagonal' positions in the HAP unit cell, phosphate and calcium ions are missing in the OCP structure. The 'water layer' is a channel filled with water of hydration and 'nonapatitic' phosphate ions (p13 and p14 in Figure 1b ). Whereas the p14 ion occupies a region where in the HAP structure two calcium ions are placed, the p13 ions tie the apatite layers together over calcium ion ). The structural similarity of the OCP and HAP structures enables HAP to grow epitaxially on the (100) surface of OCP. There are two alternative growth modes with the c-axes of HAP and OCP being either antiparallel 29 or parallel 30 , respectively (see also shown that the interface energy of the mode with antiparallel c-axes is by about 5% lower than that of the mode with parallel c-axis 29 . Therefore, this transition should be thermodynamically favored. As shown by Nelson et al. 33 , the lattice mismatch between HAP and OCP leads to the formation of a semicoherent interface with a network of misfit dislocations. The solid-transformation is constrained by the motion of HPO 4 2-, Ca 2+ and OH -ions and the loss of crystal water along the (100) planes. In conclusion, the elastic misfit strains, the necessary chemical reaction, and the limited loss of crystal water can hinder the solid-transformation when the lateral width of the (100) crystal faces in the OCP crystal becomes too large.
Molecular complementarity in biomineralization of

Structural motifs of collagen
In biomineralization, the reaction path of calcium phosphate formation is strongly influenced by the present biopolymers. Hard tissues in vertebrates, such as bone or dentin, contain collagen as common . There is a still ongoing debate on what could be the contribution of the various biopolymers to the finally formed structure 10, 34 . Particularly, they can stabilize amorphous precursors of the mineral phase. These so-called polymer-induced precursor phases (PILP) can initiate the intrafibrillar heterogeneous mineralization in the hole zones of collagen fibers 4 . It is obvious that collagen alone never will be responsible for the mineral structure grown under in vivo conditions. However, there is clear evidence that collagen offers nucleation sites for calcium phosphate precipitation and guides the growing mineral structure 18 amino acids which correspond to five or six amino acid triplets (Gly-X-Y) 40 . This ancient gene has grown by duplication and mutation resulting in a family of larger genes. These genes codify for collagen transcript in the range of 1200-1300 residues. In these molecules always the (Gly-X-Y) unit is conserved.
It means that all α chains of fibrillar collagen are composed of an uninterrupted sequence of about 300
(Gly-X-Y) triplets and two shorter terminal domains (so-called telopeptides) of different structure. The primary structure of the molecules shows periodicity of 18 residues of some amino acids (lysine, glutamine and arginine) corresponding to the structure of the above mentioned ancestor peptide, whereas polar and hydrophobic residues are arranged with a periodicity of every ~ 234 residues 40 .
Collagen-related structural motifs (CSMs) containing (Gly-X-Y) repeats are also found in numerous proteins in procaryotic and eucaryotic organisms. There are bacterial proteins containing a CSM that could be functionally useful. They are either surface structures or spore components. Furthermore, CSMs have been detected also in viral proteins which act as structural components of the viral particle In order to incorporate OCP crystals into some tissue to increase stiffness and tensile strength, a highly ordered alignment of the nanosize crystals and collagen molecules along the maximum stress direction is the favored solution. In the presence of divalent ions (Ca 2+ ), the TC molecule is positively charged near neutral pH owing to excess of basic residues in its sequence of amino acids. As shown by Freudenberg et al. 44 , the isoelectric point shifts with increasing ionic strength in CaCl 2 solutions from pH 7.5 to above pH 9. Therefore, Ca 2 (HPO 4 ) 3 2-post-nucleation complexes can be adsorbed at positively charged (X-Y-) motifs near neutral pH 25 . At OCP crystals, the ribbon-like t α, t β -assemblies are favored adsorption sites for TC molecules on the (100) and (1 ത 00) face as well as at the 'apatitic layers' on the (010) and (01 ത 0) face of OCP. Furthermore, the 'non-apatitic' phosphate ions p13, p'13 situated in the 'water layer' (see Figure   1b ) act also as favored adsorption sites on the (010) 
OCP mineralization of tropocollagen
The remarkable similarity of the symmetry of the (001) The platelets are arranged along the TC molecule randomly. When the TC helix is completely covered with OCP crystal units, a so-called mesocrystal 45 of initially independently grown crystalline platelets is formed by secondary crystallization. Usually the structure of the mesocrystal will not be highly ordered.
However, proteins with their high structural regularity are promising candidates for higher biological control.
The various α chains have almost identical charge motifs (at least the two α1 chains). Thus we assume that the OCP distribution of binding sites along the TC-fibril follows the right handed major helix. After a full turn of the major helix the shift of binding sites is about 0.9 nm along the TC axis. As the lattice parameter c OCP = 0.686 nm, the OCP crystal can form a helical structure with a screw dislocation in the center oriented along the c-axis when the TC template shrinks in the axial direction during the secondary crystallization of OCP. As shown in Figure 4b 
OCP mineralization of microfibrils
A similar correspondence of the crystallographic symmetries can be observed in the case of OCP mineralization of the collagen microfibril ( Figure 5 ). Depending on the particular stacking geometry of the individual TC molecules along the Smith five-stranded microfibril 43 , it has to be distinguished 
where ∆ is the grain boundary energy, and T is the thickness of the OCP layer. An additional contribution of stored elastic energy results from homogenous strain ߝ needed to close a possible small gap which would be left along the [001] direction between OCP unit cells in every cycle around the microfibril.
Structure change by OCP-HAP transition
The structures derived in the last section can only exist metastably in the range from pH 4 to pH 6.5 or as transient phase for pH > 6.5. There are numerous experimental studies analyzing the OCP-HAP transition in vitro 29, 32, 33, 46 . This transition has been observed by Raman spectroscopic experiments in vivo, too 47, 48 . As pointed out by Zhan et al. compensate the lattice misfit between a growing HAP crystal and the neighboring OCP lattice. Secondly, the change of the Ca 2+ /HPO 4 2-ratio during the OCP/HAP transition could be a further hindrance for a complete transformation of the initial OCP structure. That could result in a metastable mixed OCP/HAP mineral structure. Otherwise, also a so-called 'biological defect-apatite' could be formed with a Ca/P ratio below the value of 1.6 for HAP in thermodynamic equilibrium.
Discussion
The analysis of the crystallographic structure of OCP and HAP as well as of collagen shows that the The formation of optimized protein structures by evolutionary selection driven through a structural motif of inorganic components seems to be a general principle. Therefore, it is not surprising to find further examples in connection with the creation of structural components in living organisms. One remarkable example is given with the structure of osteocalcin (OC). OC is a multifunctional protein which plays a major role in the regulation of osteoblast and osteoclast activity, in insulin secretion, glucose metabolism, and fat mass production 61 . It is the most abundant non-collagenous protein in bone. As proven by immunochemistry, OC is present at the surface of mineralized collagen macrofibrils as well as within them 62 . Recently it has been shown that OC together with osteopontin forms dilatational bands connecting extrafibrillar HAP platelets 63 . This mechanism gives an essential contribution to the high fracture toughness of bone. The mechanism is based on a high binding efficiency of OC to HAP. Inside the collagen fibrils it has been detected in part of the gap region and the neighboring overlap zone. Thus it is assumed that OC mediates nucleation, growth, and development of the platelet-shaped HAP crystals 62 . OC contains 46-50 amino acids, depending on species. It folds into two antiparallel α helices framed by β sheet structures. Three γ-carboxyglutamic acids (Gla) placed in the α1 helix and Asp-Glu residues of the α2 helix possess a strong binding efficiency to Ca 2+ ions. As shown by molecular modeling, the three Gla-residues together with the Asp-residue can coordinate Ca 2+ ions on the (100) face of HAP, with minor differences in the displacements needed for a coordination binding, and also on the secondary prism face (110) of HAP 64 . In view of the high structural similarity of the 'apatitic layers' of OCP with the HAP structure, a similar optimized fit of OC with the OCP structure can be assumed. Indeed, the distance of neighboring Ca ions of the ribbon pattern on the (100) face of OCP of about 0.56 nm (as shown in Figure   2c ) fits fairly well with the distance of neighboring Gla-residues in the α1 helix of OC of about 0.54 nm.
The selection of optimized macromolecular templates by the symmetry of the targeted inorganic component seems to be a promising approach for the design of biomimetic processes in biomineralization. Recently, an indirect example of such strategy has been given for template controlled nucleation of calcite on self-assembled monolayers (SAMs) by Hamm et al. 65 . By an appropriate choice of the functional group chemistry (COOH, PO 4 , SH or OH) of the head groups of the SAMs and the conformation of their molecules (length of alkanethiol chains) the stereochemical matching has been changed. As shown by atomistic simulation 66 , the structural motifs of the growing calcite nuclei cause a distinctive change of the arrangement of the head groups of the SAM. The self-organized structure selection of the macromolecular template results in different shapes of calcite crystals grown on the SAMs.
Conclusions
The between genetic defects of collagen type 1 and osteogenesis imperfecta should motivate the search for similar dependences of other bone diseases on a disturbed molecular structure of collagen on the genetic scale. It can be assumed that the evolutionary selection of biomolecular templates governed by metastable inorganic crystalline phases is a general feature of biomineralization processes. For the biomimetic formation of biohybrid crystalline inorganic materials, it could be a useful principle to derive the structure of an appropriate biomolecular template from characteristic symmetry motifs of the crystalline structure of the intended inorganic target material.
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